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We have conducted a comprehensive investigation of the optical and vibrational properties of
the binary semiconductor SnSe as a function of temperature and pressure by means of experimen-
tal and ab initio probes. Our high-temperature investigations at ambient pressure have success-
fully reproduced the progressive enhancement of free carrier concentration upon approaching the
hPnma→ Bbmm transition, whereas the pressure-induced Pnma→ Bbmm transformation at am-
bient temperature, accompanied by an electronic semiconductor→semi-metal transition, has been
identified for bulk SnSe close to 10 GPa. Modelling of the Raman-active vibrations revealed that
three-phonon anharmonic processes dominate the temperature-induced mode frequency evolution.
In addition, SnSe was found to exhibit a pressure-induced enhancement of the Born effective charge.
Such behavior is quite unique and cannot be rationalized within the proposed effective charge trends




Identifying materials for the renewable energy sector constitutes one of the major materials-oriented research goals
worldwide. Among the various alternatives being investigated, thermoelectric materials, i.e. compounds which can
convert heat to electricity and vice versa, hold a prominent position [1–5]. The thermoelectric efficiency of a given






where S is the Seebeck coefficient, σ the electrical conductivity, κ the thermal conductivity, and T the temperature.
The thermal conductivity κ can in turn split into two components: the electronic thermal conductivity part κel, which
indicates the heat carried by electrons, and the lattice thermal conductivity constituent κlat, which denotes the heat
carried by the crystal phonons, i.e. κ = κel + κlat. The former part κel is dominant in metals, whereas κlat generally
prevails in semiconductors.
FIG. 1: The structure of SnSe at ambient conditions [SG Pnma, Z = 4, (a)-(c)] and its high-temperature/ high-pressure
phase [SG Bbmm, Z = 4, (d)-(f)] projected in different crystallographic directions. The Sn and Se atoms are drawn as blue
and red spheres, respectively. The black solid parallelepipeds depict unit cells. The crystal structures have been visualized
with the program XCrySDen [6].
Recently, a record-high thermoelectric figure of merit (ZT = 2.6±3) was demonstrated for the binary semiconductor
SnSe at temperatures of 923 K [7], possibly paving the way to develop thermoelectric devices for energy harvesting
which consist of simple and stable compounds built up by cheap earth-abundant elements, since present thermoelectric
stages are often based on rare elements such as Bi and Te [8]. The intriguing thermoeletric properties of SnSe arise
mainly from the (ultra)low thermal conductivity inherent to its anisotropic structure [7, 9–11]. At ambient conditions,
SnSe crystallizes in a layered orthorhombic phase [space group (SG) Pnma, Z = 4, Fig. 1] [12, 13]. The structure can
be regarded as a distorted variant of the NaCl-type structure, and it comprises of Sn-Se ‘corrugated’ layers stacked
along the a-axis. Upon heating above ∼800 K, SnSe is known to adopt another, more symmetric orthorhombic phase
above 800 K (SG Bbmm, Z = 4, Fig. 1) [12–14]; we note that SG Bbmm is a different setting of the more commonly
used SG Cmcm (No. 63), with the Bbmm crystal axes ordered in the same way as the starting Pnma phase. This
high-temperature Bbmm modification of SnSe displays the aforementioned excellent thermoelectric properties [7].
Several investigations have revealed that the extremely high thermoelectric efficiency of SnSe is primarily derived
from its low κlat at high temperatures, stemming in turn from the large phonon anharmonicity present in the Pnma-
SnSe and the high-T Bbmm-SnSe modifications [7, 9–11, 15–19]. A hindering factor for exploiting this material for
device applications, however, is that SnSe appears to be thermally unstable [20].
Except from the effect of temperature, the layered Pnma structure implies that SnSe is susceptible to strain.
Indeed, it was shown that SnSe undergoes a second-order phase transition from the starting Pnma phase towards a
Bbmm modification close to 10.5 GPa at ambient temperature [21]. This structural transition is also accompanied
by a concurrent electronic transition, from the starting semiconducting towards a semi-metallic behavior [19, 22],
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which in turn affects directly the thermoelectric properties of SnSe (eq. 1) [19, 23–25]. For the sake of completeness,
we mention that further compression leads SnSe towards a metallic CsCl-type structure between 30-40 GPa [26, 27].
Given that the high-temperature and (first) high-pressure modification of SnSe have the same space group, it was
proposed that pressure can effectively lower the Pnma→ Bbmm transition temperature [10, 11, 15–19, 25, 28].
Since phonons are expected to constitute the dominant mechanism for the (lattice) thermal conductivity in SnSe,
and given their sensitivity to changes in interatomic bonding due to the reported structural transitions, it becomes
imperative to explore their temperature- and pressure-dependent behavior in detail, as a means of linking the relevant
anharmonic processes to the thermoelectric properties of SnSe. With the exception of a recent high-temperature
Raman study [29], there are no experimental far-infrared (FIR) or Raman investigations focussing on the temperature-
and pressure-induced phase transitions in bulk SnSe. This lack of data prompted us to conduct a comprehensive high-
temperature and high-pressure study on a bulk SnSe single-crystalline sample by a combination of experimental FIR
reflectance, FIR absorbance, and Raman spectroscopic probes, complemented by first-principles calculations within
the framework of hybrid density functional theory (DFT). Out of these investigations we manage to unravel the effect
of pressure and temperature on the optical, vibrational, and electronic properties of SnSe across the Pnma→ Bbmm
transition, as well as an estimate of the mode-specific phonon anharmonicity contributions to the detected Raman-
active vibrations of SnSe.
The paper is organized as follows: after the detailing of the experimental (Sec.II A) and computational methods
(Sec.II B), we present our high-temperature experimental FIR reflectance and Raman results at ambient pressure on
pristine SnSe (Sec.III A). Furthermore, our high-pressure structural, spectroscopic, and computational investigations
at ambient temperature are discussed and compared (Sec.III B). The phonon anharmonicity of the Pnma-SnSe
Raman-active modes is then evaluated (Sec.III C), with the calculated optical properties as a function of pressure
(Sec.III D) being presented before summarizing our conclusions (Sec.IV). Finally, the effect of n- and p-type doping
on the vibrational and optical properties of SnSe is examined in the Appendix.
II. METHODS
A. Experimental details
The SnSe samples examined here were available as impurity-free single crystals. Details of the synthesis and
characterization can be found elsewhere [7, 30, 31].
The high-temperature quasi normal-incidence FIR reflectance spectra were acquired from the polished bc-cleavage
plane of SnSe single crystals with polarized infrared synchrotron radiation from the BESSY II storage ring within the
295-845 K temperature range. The samples were placed inside a custom-built optical setup, coupled to a Vertex 80v
Bruker FTIR spectrometer, allowing for the precise measurement of the specular reflectance at variable temperatures
with a 6.5◦ angle of incidence and a 12◦ opening angle for the incident IR beam. The sample environment was
purged continuously with nitrogen, in order to prevent decomposition and/or oxidation of SnSe during the high-T
experiments [20].
The high-temperature Raman measurements on unoriented SnSe single crystals were conducted with a Horiba
Jobin Yvon LabRam HR800 VIS spectrometer and a diode-pumped solid-state laser with excitation wavelength
λ = 473 nm, and within the 100-700 cm–1 frequency range. The samples were placed inside a Linkam THMS600
stage purged continuously with nitrogen and/or argon gas for reasons explained above. The thermocouple readout
temperature has been corrected with an empirical formula, derived from the melting points of different salts and the
freezing point of water [32, 33].
The high-pressure measurements at ambient temperature were conducted with gasketed diamond anvil cells (DACs)
equipped with low-fluorescence type II diamonds of 400 µm culet diameters. Rhenium gaskets were preindented to
a 35-40 µm thickness, with holes of 150-200 µm diameters acting as sample chambers in separate experimental runs.
Argon served as a pressure transmitting medium (PTM), whereas the ruby fluorescence method was employed for
pressure calibration [34] in all experiments.
The high-pressure Raman spectra on unoriented SnSe single crystals with typical dimensions of 50 x 50 µm2 were
collected in the 100-700 cm–1 frequency range (λ = 473 nm and λ = 633 nm). Angle-resolved high-pressure X-ray
diffraction (XRD) measurements were performed on polycrystalline SnSe powder (ground from single crystals) at the
Extreme Conditions Beamline P02.2 of PETRA III (Hamburg, Germany) [35] with an incident X-ray wavelength
λ = 0.29 Å and a beam size of 2 µm × 2 µm. Two-dimensional XRD patterns were collected with a fast flat panel
detector XRD1621 from PerkinElmer (2048 pixels × 2048 pixels with 200 µm pixel size) and processed with the
FIT2D software [36]. Refinements were performed using the GSAS+EXPGUI software packages [37]. Pressure in the
XRD run was additionally calibrated using equation of state (EoS) of the argon PTM [38, 39].
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B. Computational details
All DFT calculations were performed with the CRYSTAL14 package of programs [40, 41]. PBEsol0 [42–44], the
hybrid version (25% Hartree-Fock exchange) of the solid-state revision of the Perdew-Burke-Ernzerhof generalized gra-
dient approximation exchange-correlation functional, is used in conjunction with an all-electron 9-7631-511d Gaussian
basis set for Se [45] and a fully-relativistic effective core potential (ECP) plus valence Gaussian basis set ECP28MDF-
411-51d for Sn [46, 47]. The basis set for Se adapts the atomic version by Towler [45], from which the most diffuse
sp-function was deleted and an additional d-function was added. The ECP and basis set for Sn originate from a
version by Baranek [46]. For the present work, the exponents of the outermost sp and d functions within the valence
contraction shells of both sets were optimized at the PBEsol level of theory using the experimental (T = 100 K)
crystal structure of SnSe [13]. The full basis set parameters are reported within the Supplement [48].
The accuracy of the Coulomb and exchange integral series is controlled by the five TOLINTEG parameters 10,
10, 10, 10 and 20. The default integration grid was used (XLGRID). The k-space was sampled on a 12×12×12
Monkhorst-Pack mesh. Total energies were converged to 10−8 a.u. in structure optimization and to 10−10 a.u. in
phonon calculations [49, 50].
Full structure optimizations under external hydrostatic pressures [51] were performed successively for pressures span-
ning from 0 to 20 GPa with an increment of 1 GPa, with tight convergence (TOLDEG = 0.00003, TOLDEX = 0.00004)
and trust-radius parameters (MAXTRADIUS = 0.1, TRUSTRADIUS = 0.01). We should note that while the prim-
itive and crystallographic unit cells are equivalent for the ambient-pressure Pnma-SnSe phase, this is not the case
for the high-T/P Bbmm-SnSe modification. In order to keep the numerical errors for the calculation of both SnSe
phases comparable, the Bbmm structures were calculated within the primitive unit cell of their Pnma subgroup, by
constraining the zSn = 0 and zSe = 0.5 atomic coordinates.
Dielectric constants, Born effective charges, IR and Raman phonon intensities were calculated via the coupled
perturbed Kohn-Sham (CPKS) method [52–55]. Spectral functions employ Lorentzian broadening for each oscillator,
where phenomenological broadening parameters of 5 cm−1 were used for all modes of the Bbmm-SnSe polymorph,
and for the b- and c-axis vibrations of the Pnma-SnSe phase. The broadening parameters for the a-axis modes of
Pnma-SnSe were set to 2.0 cm−1, 7.0 cm−1, and 2.5 cm−1 in order of increasing frequency, as guided by the Lorentz
fit to the experimental room temperature IR reflectance data [48]. The program XCrySDen [6] has been used for the
visualization of the crystal structures and the phonon eigenvectors presented in this work.
III. RESULTS AND DISCUSSION
A. Optical and vibrational properties of SnSe as a function of temperature
In Fig. 2 we plot the measured FIR reflectance spectra of SnSe at various temperatures along the two different
Pnma b- and c-crystal axes (Fig. 1). The ambient temperature (295 K) reflectance spectra of SnSe (Fig. 2), as well as
the respective fits with the Drude-Lorentz model, are in very good agreement with earlier results [48, 56, 57] (Table
S1 in SI [48]). Upon increasing temperature above ∼500 K, we observe that the maximum of the SnSe FIR reflectance
for both axial orientations is gradually increasing towards lower frequencies, indicative of a progressive increase in the
(thermally activated) free carrier concentration in the b- and c-directions (i.e. within the Sn-Se layers, Fig. 1). Such
observation is in excellent agreement with the reported temperature-induced evolution of electrical conductivity in
this material along these crystallographic axes [7, 58, 59]. Furthermore, such FIR reflectance increase for frequencies
below 100 cm−1 indicates that a ’true’ Drude term is not present in the SnSe optical conductivity, therefore the free
electron scattering rate in SnSe should be fairly high. This fact confirms that the free electron contribution to the
thermal conductivity should not impact the thermoelectric properties of SnSe, as already discussed in Ref. 7.
Interestingly, the reported T -induced Pnma→ Bbmm transition close to 800 K [12–14, 59] does not appear to have
any noticeable effect on the FIR reflectance of SnSe (Fig. 2). Attempts to fit the 845 K FIR reflectance spectrum
with the Drude-Lorentz model revealed the presence of an additional TO phonon at ∼140 cm−1 along the b-axis [48];
a more detailed quantitative description of the T -induced FIR reflectance behavior is hindered, however, due to (a)
the inherent T -induced broadening and (b) the screening of the detected FIR phonons from the increasing free carrier
concentration.
We turn next to our high-temperature Raman investigations on SnSe. For the Pnma-SnSe structure, group theory
predicts a total sum of 7 IR- and 12 Raman (R)-active modes at the center of the Brillouin zone Γ [56, 60]:
Γ = 3B1u(IR) +B2u(IR) + 3B3u(IR)
+ 4Ag(R) + 2B1g(R) + 4B2g(R) + 2B3g(R)
(2)
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FIG. 2: Experimental FIR reflectance spectra measured with the incident radiation along the (a) c- and (b) b-axes of
pristine/non-doped SnSe at various temperatures. The spectra have been shifted vertically by 0.4 for clarity.
whereas for the high-temperature/high-pressure Bbmm-SnSe modification, one expects a total sum of 3 IR- and 6
Raman-active modes [56, 60]:
Γ = B1u(IR) +B2u(IR) +B3u(IR)
+ 2Ag(R) + 2B1g(R) + 2B2g(R)
(3)
In Fig. 3 we plot the measured Raman spectra of SnSe at various temperatures. Since the uppermost Pnma-SnSe
Raman-active mode frequencies are expected close to 200 cm−1 [56, 61, 62], the presented Raman spectra are displayed
within the 80-250 cm−1 frequency range for convenience. The Raman spectrum of Pnma-SnSe measured at ambient
conditions exhibits three Raman-active vibrations at ∼105 cm−1 (B23g) ,∼129 cm−1 (A3g), and at ∼149 cm−1 (A4g),
consistent with earlier reports [56, 61, 62]. We use the same notation for the observed Raman-active vibration as for
our DFT-calculated phonon eigenvectors [48]. Upon increasing temperature, both of the Ag Raman modes exhibit
downshifting of their frequencies, whereas the B3g band lies near the cutoff limit of the Raman edge filter, hence was
not followed and is not discussed further. The T -induced Ag frequency evolution could be followed up to ∼550 K,
as the Raman spectra become rather featureless beyond this temperature. Such Raman signal disappearance can be
attributed both to the reduction of the (integrated) Raman band intensities with increasing temperature [63, 64],
as well as to the T -induced carrier concentration increase in SnSe (Fig. 2), which in turn diminishes the collected
Raman signal owing to the smaller penetration depth of the incident radiation [65, 66]. Hence, unlike a recent
high-temperature Raman investigation [29], we were not able to detect a clear Raman signature of the expected
Pnma→ Bbmm SnSe transition close to 800 K [12–14, 59].
Nevertheless, the isobaric SnSe Pnma Raman mode frequency evolution for both Ag modes as a function of
temperature can be fitted to the following polynomial expression (Fig. 3):













where ωi0 is the mode frequency at ambient conditions, ∆T the temperature difference, and (
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first- and second-order temperature coefficients. The results are tabulated in Table I.
Considering next the value of the volumetric thermal expansion coefficient for SnSe αV = 4.19·10−5 K−1, as
estimated from the structural data of Ref. 59 within the 300-600 K temperature range of interest, we can in turn
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FIG. 3: (a) As-measured Raman spectra of pristine SnSe at various temperatures and ambient pressure, excited with a laser
wavelength λ = 473 nm. The black and red spectra correspond to the Pnma- and (the expected) [12–14, 59] high-T
Bbmm-SnSe phases. The vertical blue dashed line denotes the cutoff limit of the Raman edge filter. (b) Evolution of the SnSe
Raman-active mode frequencies as a function of temperature. Lines passing through the data correspond to least square
fittings of polynomial functions (eq. 4). The dashed vertical line stands for the expected Pnma→ Bbmm
transition [12–14, 59]. The temperature values have been calibrated accordingly [32, 33].
TABLE I: Mode assignment, frequencies, temperature and pressure coefficients, and the isobaric γPi and isothermal γ
T
i
mode Grüneisen parameters of the SnSe FIR- and Raman-active vibrations for the Pnma and Bbmm phases of SnSe,
obtained at a reference pressure PRef . Numbers in parenthesis correspond to the respective calculated values [48].
Phase PRef Assignment ωi0 ∂ωi/∂T ∂
2ωi/∂T
2 γPi ∂ωi/∂P γ
T
i
(GPa) (cm−1) (cm−1/K) (cm−1/K2) (cm−1/GPa)
Pnma 10−4 B31u [48] 157 (159) - - - 4.7 (2.94) 1.07 (0.95)
A3g 129 (137.01) -0.22 -1.9×10−4 40.7 -2.6 (-2.79) -0.61 (-1.04)
A4g 149 (170.74) -0.018 0 2.88 5.2 (4.4) 1.07 (1.32)
B42g 186 (208.57) - - - 2.8 (1.95) 0.47 (0.48)
Bbmm 10 B21g 152 (164.07) - - - 3 (4.65) 1.97 (2.7)
A2g 201 (214.1) - - - 3.3 (3.61) 1.57 (1.61)
intralayer vibration) [48], its sizeable γPi value falls in line with the ’giant’ phonon anharmonicity reported for the
Pnma-SnSe phase along c-axis [18]. Another interesting point is that the A3g γ
P
i value is one order of magnitude
larger than the respective A4g γ
P
i one (the latter arising from vibrations along the long a-axis, i.e. Sn-Se interlayer
motions) [48], indicating also the sizeable anisotropy of this material in terms of lattice/phonon anharmonicity, with
the intralayer Sn-Se bond anharmonicity being apparently substantially larger compared to the interlayer one [7, 15,
18, 19, 68]. We will return back to this point later below in Sec.III C.
B. Structural and vibrational response of SnSe under pressure
Several high-pressure structural investigations have established the Pnma→ Bbmm transition in pristine SnSe be-
tween 10-15 GPa at ambient temperature [19, 21, 27, 62, 69]. One recent high-pressure XRD study, however, indicated
the possibility of a monoclinic modification as the proper choice for indexing the SnSe high-pressure phase [22]. This
discrepancy prompted us to conduct a high-pressure XRD study on our SnSe sample in order to elucidate the accurate
description of the high-pressure phase.
In Fig. 4 we show examples of Rietveld refinements for the ambient- and high-pressure phases of SnSe, with the
respective XRD patterns included in the Supplement [48]. It becomes clear that the measured XRD pattern of the
high-pressure SnSe phase is accurately reproduced with the established Bbmm structural model [19, 21, 27, 62, 69],
whereas we could not find the additional Bragg peaks supporting the proposed monoclinic modification [22].
In Fig. 4 we plot the experimentally measured lattice parameters and the respective pressure-volume (P -V ) data













































































































































FIG. 4: (a) Examples of Rietveld refinements at 6.5 GPa (SG Pnma, bottom) and at 21 GPa (SG Bbmm, top) for the
measured SnSe XRD diffractograms [48] (T = 295 K, λ = 0.29Å). The black circles and the red solid lines correspond to the
measured and the fitted patterns, whereas their difference is depicted as blue lines. Vertical ticks mark Bragg peak positions.
(b) Lattice parameters and (c) unit cell-volume as a function of pressure for the ambient-pressure Pnma and the
high-pressure Bbmm phases of SnSe (experimental data: solid symbols, DFT-PBEsol0 calculated data: open symbols). The
red solid line running through the experimental P -V data represents the fitted Davis-Gordon EoS form [70]. The vertical
dashed line marks the onset of the Pnma→ Bbmm structural transition. Error bars lie within the symbols.




































FIG. 5: (a) Calculated (DFT-PBEsol0) pressure dependence of the enthalpy difference ∆H = HPnma-HBbmm between the
Pnma-SnSe and Bbmm-SnSe phases. The individual enthalpy differences from the internal energy (U) and volume (PV )
dependence are also shown and denoted by blue circles and red crosses, respectively. All values are given for T = 0 K and
phonon effects are neglected. (b) Pressure dependence of the Γ-B2u and X-Ag phonon frequencies, which are responsible for
the instability of Bbmm-SnSe phase. The negative abscissa denotes imaginary frequencies. The corresponding
ambient-pressure eigenvectors for the Γ-B2u and X-Ag modes are also shown. Lines are guides for the eye.
SnSe sample is close to 10 GPa, in excellent agreement with previous reports [19, 21, 27, 62, 69]. In addition, the
Pnma→ Bbmm structural transition can be classified as a second-order transition, i.e. without any apparent volume
discontinuity at the transition point. For this reason, the Pnma and Bbmm P -V data can be described by the
same equation of state (EoS), with the Davis-Gordon EoS form [70] constituting the best choice [21]. The respective
volumes, bulk moduli, and bulk moduli derivatives of the SnSe Pnma and Bbmm phases are provided in Table II,
alongside literature values [19, 21, 22, 27, 69].
In order to verify our experimental structural observations, we have calculated the enthalpies [H(P ) = U + PV ]
for the starting Pnma and the high-pressure Bbmm SnSe modifications (Fig. 5). At zero pressure, Pnma-SnSe
lies 12 meV/SnSe lower in enthalpy compared to the Bbmm-SnSe phase. With increasing pressure, the enthalpy
difference ∆H = HPnma-HBbmm decreases and becomes zero close to 10 GPa, i.e. the Pnma and Bbmm enthalpies
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TABLE II: Volume V , bulk modulus B, and its pressure derivative B′ for the ambient-pressure Pnma and the high-pressure
Bbmm phases of SnSe at a reference pressure point PRef , as obtained by a Davis-Gordon EoS form[70] fit to our experimental
and computed P -V data. The term ’fixed’ refers to parameters not allowed to vary during the fitting. Relevant results from
the literature are also listed for direct comparison. Abbreviations are defined as PTM: pressure transmitting medium, N/A:
not available, M/E/W: Methanol-ethanol-water 16:3:1 mixture, GGA: Generalized Gradient Approximation, D2: Dispersion
correction.
SnSe phase Method PTM PRef (GPa) V Å
3 B (GPa) B′ (GPa)
Pnma XRD Argon 10−4 212.03 (fixed) 40(2) 5.3(7)
DFT-PBEsol0 N/A 10−4 202.69 51.2(7) 5.6(3)
XRD[28] N/A 10−4 N/A 50.3(5) 6.3
XRD[21] Helium 10−4 212.23 (fixed) 31.1(2) 8.04(10)
XRD[22] M/E/W 10−4 210 39.8 4.31
XRD[27] Daphne oil 10−4 214.4 39.8 4.31
DFT-GGA[69] N/A 10−4 272.96 31.48 N/A
DFT-GGA[73] N/A 10−4 218.86 34.2 4 (fixed)
DFT-GGA+D2[26] N/A 10−4 211.87 34.45 7.38
Bbmm XRD Argon 10.4 177.05 (fixed) 80(2) 5.3(7)
DFT-PBEsol0 N/A 10 176.86 95.2(7) 5.6(3)
XRD[21] Helium 10.5 176 31.1(2) 8.04(10)
XRD[27] Daphne oil 20 198 55.4 4.55
DFT-GGA[69] N/A 10−4 240 40.9 N/A
become (within error) identical. Such behavior is characteristic for a second-order transition, and the calculated
Pnma → Bbmm transition pressure is in excellent agreement with both the experimentally determined transition
pressure value (Fig. 4), as well as with previous enthalpy calculations [19, 27, 69]. Closer inspection of the individual
enthalpy contributions reveals two distinct slopes in the energetics of the pressure-induced Pnma → Bbmm phase
transition. In particular, the significant decrease of | ∆H | within 0–5 GPa, is driven by the P∆V term up to 3
GPa and the difference in cell volumes, with VPnma(Pi) > VBbmm(Pi), whereas | ∆H | is dominated by changes in
the internal energy U from 3 to 5 GPa. Within the 5-10 GPa pressure range, the variation of | ∆H | is significantly
reduced, as the P∆V and ∆U terms exhibit similar magnitudes and partially cancel each other out. Our results
clearly show that the enthalpy difference between the Pnma and Bbmm phases of SnSe can be significantly reduced
by the application of pressures below the critical transition pressure of 10 GPa. This small energetic difference between
the Pnma and Bbmm phases of SnSe may then effectively lower the critical transition temperature, thus allowing for
the investigation of the Bbmm-SnSe thermoelectric properties below T = 800 K [10, 19, 25].
Interestingly, the calculation of the Bbmm phonons reveals two imaginary TO vibrational frequencies at the center
Γ (0, 0, 0) and at the X symmetry point (0.5, 0, 0) of the Bbmm Brillouin zone at ambient pressure, indicating
the instability of the Bbmm phase (Fig. 5), consistent with earlier calculations [10, 11, 19, 71]. The calculated
ambient-pressure phonon eigenvectors indicate that these imaginary IR-active Γ-B2u and X-Ag modes correspond
to opposing Sn-Se displacements parallel to the Bbmm b- and c-axis, respectively (Fig. 5), where the latter X-
Ag vibration represents the primary distortion mode of the second-order/displacive Pnma → Bbmm transition in
SnSe [10, 11, 17, 59].
Increasing pressure results in a frequency upshift for both vibrations due to the contraction of the respective b-
and c-axis (Fig. 4). The increased pressure sampling of these modes shows, to our knowledge for the fist time,
that the imaginary B2u and the Ag modes become ’stable’, i.e. adopt positive frequency values at 5 GPa and 9 GPa,
respectively (Fig. 5), just 1 GPa below the critical Pnma→ Bbmm transition pressure. Thus, the pressure dependence
of the dynamical instability of Bbmm-SnSe is apparently more intricate than previously reported, as the stabilization
of Bbmm-SnSe requires the simultaneous application of compressive stress along the respective b- (B2u mode) and
c-axis (Ag mode).
Finally, in Fig. 4 we plot the calculated structural parameters for both phases alongside their experimental counter-
parts. Generally we can observe a very good agreement between the two data sets, with the exception of the Pnma
volume. The latter is underestimated in our calculations with respect to the experimental values, a well-known effect
within the DFT approximation [72]. The respective calculated volumes, bulk moduli, and bulk moduli derivatives for
the SnSe Pnma and Bbmm phases are listed in Table II.
Having established the structure of the high-pressure SnSe phase, we turn now to the high-pressure vibrational
properties of SnSe at ambient temperature. In Fig. 6 we show selected Raman spectra at various pressures. At
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FIG. 6: (a) Raman spectra of pristine SnSe at selected pressures (T = 295 K, λ = 633 nm). The black and red spectra
correspond to the Pnma- and the high-pressure Bbmm-SnSe phases, respectively. The vertical dashed blue line denotes the
cutoff limit of the Raman edge filter. The high-pressure Raman spectra of SnSe collected with λ = 473 nm yielded identical
results as the λ = 633 nm experimental run. (b) Evolution of Raman mode frequencies as a function of pressure. The closed
and open symbols correspond to experimental and DFT-PBEsol0 data, respectively. The vertical dashed line represents the
onset of the Pnma→ Bbmm structural transition. Error bars lie within the symbols. (c) Pressure-induced behavior of the A4g
Pnma Raman-active mode’s full width at half maximum (FWHM), as determined by Lorentzian fittings on the experimental
data.
softening and merges with the adjacent B23g band, hence was followed only up to ∼5 GPa; the detection of the A3g
band beyond that pressure was not possible due to the cutoff limit of the Raman filter. Nevertheless, since this mode
is associated (mainly) with Sn-Se motions along the c-axis [48], its mode frequency drop against pressure directly
indicates a decrease of the respective force constant. Considering the interatomic parameter evolution of the SnSe
Pnma phase, such explanation can be rationalized from e.g. the pressure-induced expansion of specific Sn-Se bond
lengths along the c-axis (termed as A1 in Ref. 21) across the Pnma→ Bbmm structural transformation.
On the other hand, the A4g band displays the expected frequency upshift upon compression (Fig. 6). This vibration
results from Sn-Se motions along the a-axis, i.e. is dependent on the Sn-Se interlayer distance [48], which decreases
as a function of pressure (Fig. 4). Close inspection of the A4g Raman mode frequency evolution reveals a subtle
change in its pressure dependence close to 10 GPa. In addition, the width of this band exhibits an abrupt increase
around this pressure value (Fig. 6). Considering that the Pnma → Bbmm structural transition takes place at this
pressure (Fig. 4), we interpret both of these effects as the Raman fingerprint of the pressure-induced Pnma→ Bbmm
transition in SnSe. Similar observations from high-pressure Raman spectroscopic experiments on SnSe nanosheets
were reported recently [62]. Finally, we mention the detection of the low-intensity Pnma B42g Raman mode upon
moderate compression; the latter vibration exhibited ’normal’ blueshift of its frequency under pressure, whereas we
were not able to observe this band beyond the Pnma→ Bbmm transition pressure (Fig. 6).
Upon entering the pressure stability regime of the Bbmm-SnSe phase, we could observe two out of the six expected
Raman-active modes (eq. 3); both of them upshift in frequency upon compression (Fig. 6). Our DFT-PBEsol0
calculated Raman mode frequencies are also presented in Fig. 6; despite the numerical discrepancies in the Raman
mode frequency values for both the Pnma- and the Bbmm-SnSe phases resulting from the approximations within
DFT [72], the pressure dependencies of the Raman-active bands are consistently reproduced (Fig. 6 and Table I).
Turning now to the analysis of the measured Raman data, the Raman mode frequency evolution as a function of
pressure can be modelled with the following expression:







where ωi0 is the mode frequency at ambient conditions, ∆P the pressure difference, and (
∂ωi
∂P )T the first-order pressure
coefficient. We note that in our case, we did not need to include any higher-order pressure coefficient terms for fitting
the ω-P data (Fig. 6). The results are listed in Table I. Considering the bulk moduli values for the Pnma and Bbmm
10
phases, as determined from our high-pressure XRD investigation (Table II), we can derive the respective isothermal










with the respective γTi values tabulated in Table I. Having this information at hand, we can now evaluate the respective
mode-specific phonon anharmonicity of the detected SnSe Pnma Raman-active modes.
C. Phonon anharmonicity in the SnSe Pnma phase
As we mentioned in the Introduction, one of the most critical factors in determining the thermoelectric efficiency
of SnSe is the lattice thermal conductivity κlat. The latter has been shown to be strongly dependent on phonon
scattering processes, involving phonon-phonon interactions and relevant phonon anharmonic effects [7, 9–11, 15–19].
Even though for an accurate description of anharmonic effects in either the Pnma or Bbmm phases of SnSe one should
take into account the complete phonon density of states, an elementary understanding of SnSe phonon anharmonicity
can be acquired from our high-T and high-P Raman measurements. In particular, the isobaric temperature dependence



















In this equation, the -B0αV×(∂ωi∂P )T term stands for the volumetric thermal expansion contribution (implicit term),
whereas the (∂ωi∂T )V part describes the anharmonic phonon interactions (explicit term) to the mode-specific tempera-
ture dependence. Strictly speaking, this expression is valid only for isotropic crystals [64, 74]; nevertheless, we are using
this relationship as a first approximation in gaining a qualitative understanding of the phonon anharmonicity in SnSe.
Consequently, by using the determined temperature (∂ωi∂T )P and pressure (
∂ωi
∂P )T coefficients (Table I), as well as the
αV = 4.19·10−5 (K−1) [59] and B0 = 40 GPa (Table II) values, we can in turn determine the implicit and explicit con-
tributions to each of the A3g and A
4
g Pnma-SnSe modes. In particular, we calculate -B0αV×(∂ωi∂P )T = 0.0044 cm−1K−1
and (∂ωi∂T )V = -0.2244 cm
−1K−1 for the A3g, and -B0αV×(∂ωi∂P )T = -0.0087 cm−1K−1 and (∂ωi∂T )V = -0.0093 cm−1K−1
for the A4g mode. The results are listed in Table III.
Comparison of the estimated explicit and implicit factors of eq. 8 between the two Pnma-SnSe Raman-active modes
shows that (a) the anharmonic (explicit) component of the A3g band is the dominant factor in determining the T -
dependence of this vibration, (b) the implicit and explicit contributions to the A4g mode are of almost equal strength,
(c) the anharmonic component of the A3g mode is one order of magnitude larger than the corresponding A
4
g one (as
already indicated by the one order of magnitude larger γPi values, Table I), and (d) the implicit contributions of the
A3g and the A
4
g modes exhibit opposite signs, owing to the pressure-induced softening of the A
3
g vibration (Fig. 6 and
Table I).
A deeper understanding of the anharmonic phonon processes can be gained by considering a more generalized
expression for the Raman-active mode temperature dependence [64, 75]:
∆ωi(T ) = ∆ωE(T ) + ∆ωA(T ) (9)
where ∆ωE(T ) stands for the implicit and ∆ωA(T ) for the explicit contributions to the frequency dependence. ∆ωE(T )
equals to [64, 75]:












with ωi0h representing the harmonic mode frequency at 0 K, n denoting the degeneracy of the Raman-active vibra-
tion (n = 1 for the Ag modes examined here), and αV the volumetric thermal expansion coefficient of SnSe. The
temperature dependence of αV within the 0-600 K temperature range can be estimated from the data of Ref. 59:
αV (T ) =




TABLE III: Calculated implicit and explicit terms from eq. 8, as well as the estimated A and B fitting parameters of eq. 12
for the two Pnma-SnSe Ag Raman-active modes. The numbers in parenthesis are results from Ref. 29.





−1) [29] A (cm−1) B (cm−1)
A3g 0.0044 -0.2244 143.6 -3.31±1 (-1.252) 0.03±1 (-0.006)
A4g -0.0087 -0.0093 154 -0.79±5 0.02±1
with V0 = 210.22 Å
3 the (extrapolated) SnSe volume at 0 K, and T the temperature in Kelvin. Since we do not know
the temperature dependence of the isothermal mode Grüneisen parameter γTi , we assume for the sake of simplicity
that γTi is temperature independent. Furthermore, ∆ωA(T ) can be expressed by the following equation [75]:















with x = ~ωi0h/2kBT , y = ~ωi0h/3kBT , where ~ is Planck’s constant divided by 2π, kB is Boltzmann’s constant, and
A and B stand for anharmonic constants acting as fitting parameters and indicating the strength of the three-(cubic)
and four-phonon (quartic) processes, respectively, i.e. the decay of one optical Γ phonon into two or three phonons
at different points of the Brillouin zone by obeying energy and momentum conservation [76].
















































FIG. 7: Temperature-induced frequency shifts ∆ω of the Pnma-SnSe Raman-active modes (a) A3g and (b) A
4
g at ambient
pressure. The closed symbols depict the experimental data points, whereas the solid red lines stand for the total fittings
including the individual contributions of thermal expansion effects (dashed magenta lines), and three-phonon (dashed blue
lines) and four-phonon (dashed green lines) processes (see text for more details). The ωi0h values at 0 K are taken from
Ref. 29.
Combining eqs. 9-12, Fig. 7 displays the respective fittings of the Pnma-SnSe Ag Raman mode frequencies against
temperature. We can readily observe that (a) the three-phonon term dominates the behavior for both modes, (b)
the thermal expansion term for the A3g mode is negligible, whereas the respective contribution for the A
4
g mode is
significantly larger compared to that of A3g and comparable with the three-phonon term, and (c) the four-phonon
process term exhibits a positive temperature dependence above 300-350 K for both Ag modes, with a more noticeable
influence in the A4g mode, stemming from the positive B anharmonic constants (Table III) and possibly implying up-
conversion decay channels beyond that temperature [77]. Since both of the experimental Ag Raman mode frequencies
decrease upon heating, the latter behavior implies that phonon anharmonicity is mainly dictated by three-phonon
12
processes, which show negative temperature dependencies for both modes and cancel the marginally positive four-
phonon contributions (Fig. 7 and Table III).
We should mention, however, that a similar analysis has recently appeared in the literature, covering a more
extensive temperature range (2-800 K) [29]. In that study, the authors obtained similar results as the ones presented
here, i.e. that the phonon anharmonicity of the Raman-active modes is dictated mainly by three-phonon processes.
Nevertheless, certain discrepancies can be observed in the two investigations, e.g. the thermal expansion term for
the A3g mode in Ref. 29 is shown to exhibit negative temperature dependence, unlike the negligible temperature
dependence found here (Fig. 7). The reason for this discrepancy is derived from the different parameters used for the
evaluation of this specific contribution, as Liu et al. [29] adopted the average thermodynamic Grüneisen parameter
of SnSe for estimating the thermal volume expansion term in eq. 10, whereas here we employed the mode-specific
isothermal Grüneisen parameters γTi for the evaluation of this contribution individually for each Raman-active mode
(Table I). The latter is also reflected in the numerical differences of the thermal volume expansion terms in the two
works. Considering relevant works from the literature on other materials [64, 67, 77, 78], it appears that the proper
modelling of the thermal expansion contribution ∆ωE(T ) in eq. 9 requires mode-specific Grüneisen parameters.
Finally, the evaluated A and B anharmonic constant values exhibit notable numerical differences (Table III); this
disagreement can be easily rationalized by considering the aforementioned different thermal expansion contributions
∆ωE(T ) in the two works, which can in turn result in different estimates for the derived A and B fitting parameters
due to the close interrelation between the ∆ωE(T ) and ∆ωA(T ) terms (eq. 9).
D. Electronic and optical properties of SnSe as a function of pressure
Another key ingredient for determining the thermoelectric performance of a material is the electrical conductivity
(eq. 1). For this reason, we have also examined the effect of pressure on the electronic properties of SnSe. In Fig. 8
we show the calculated electronic band structure and density of states (DOS) for the Pnma- and Bbmm-SnSe phases
at selected pressures. At ambient conditions, SnSe is an indirect band gap semiconductor, exhibiting multiple valence
band maxima (VBM) with similar energies along the Z-Γ-Y paths, while the conduction band minimum (CBM) at
the Γ-point is accompanied by secondary CBMs along the Z-Γ-Y direction (Fig. 8). The atom-projected DOS reveals
that the VBM are primarily composed of Se-p states, whereas the CBMs consist mainly of unoccupied Sn states. At
ambient pressure, the calculated Pnma-SnSe (Bbmm) band gaps are Eg = 1.14 eV (0.64 eV). Application of external
hydrostatic pressure leads to the progressive band gap reduction, and at 9 GPa SnSe exhibits semi-metallic behavior
(Fig. 8). The semi-metallic character increases upon further compression and leads to the divergence of the dielectric
constant along the b-axis, as we discuss in the next paragraphs. Overall, the calculated electronic band structure and
its pressure-induced evolution at the PBEsol0 level of theory for SnSe agrees very well with previous experimental
and theoretical investigations [7, 9, 10, 19, 22–24, 26, 27, 59, 73, 79–82].
Additional insights on the mechanism of the pressure-induced Pnma→ Bbmm transition can be provided from the
calculated IR reflectance spectra of the Pnma- and Bbmm-SnSe phases presented in the Supplement [48]. For these
spectra we have evaluated the respective dielectric constants (ε∞)ll and the Born effective dynamic charges (e
∗
T )ll for
each crystallographic direction l at various pressures at the DFT-PBEsol0 level of theory, using the coupled perturbed
Kohn-Sham CPKS method [52–55]. The determined (e∗T )ll values can be used in turn to determine the frequency
difference between the respective transverse optical (TO) and longitudinal optical (LO) modes, i.e. the LO-TO







where ε∞ is the high-frequency (electronic) dielectric constant, V the volume, and µ the reduced mass of Sn and Se.
We discuss first the obtained LO-TO splittings for the most intense IR-active vibrations along the different crys-
tallographic orientations across the pressure-induced Pnma→ Bbmm transition. The results are plotted in Fig. 9(a).
We can observe that the LO-TO splitting marginally decreases along the Pnma a-axis, whereas a noticeable increase
occurs along the b- and c-directions upon compression, as in several wurtzite-type binary semiconductors [83–85].
Upon adopting the Bbmm phase after 10 GPa, however, the trend in the LO-TO splitting behavior along the b-axis
shows a negative pressure dependence, the c-axis LO-TO splitting plateaus, whereas the a-axis LO-TO splitting
appears unaffected (Fig. 9).
Turning now to the ε∞ values, the results are plotted in Fig. 9(b). We can readily observe that the Pnma-
SnSe ε∞ values increase with increasing pressure in every direction, owing to the progressive band gap closure upon
compression (Fig. 8). After the adoption of the Bbmm-SnSe phase at 10 GPa, the ε∞ along the b-axis exhibits a
remarkable superlinear behavior, whereas the Bbmm-SnSe a- and c-axis ε∞ do not show any appreciable variations.
13








































































































































FIG. 8: (a) Calculated pressure dependence of the bulk electronic band gap Eg for the Pnma (black squares) and Bbmm
(red circles) SnSe phases. The vertical dashed gray line marks the (calculated) Pnma→ Bbmm structural transition, as
determined from our enthalpy calculations (Fig. 5), whereas the lines passing through the data serve as guides for the eye.
(b-g) Calculated band structures and atom-projected density of states (DOS) at the DFT-PBEsol0 level for the
ambient-pressure Pnma-SnSe and the high-pressure Bbmm-SnSe modification at selected pressures.
This observation implies that the semi-metallic character of SnSe is strongly direction-dependent and can be mainly
induced by the compression of the orthorhombic b-axis.
Regarding finally the pressure-induced evolution of the Born effective charge, in Fig. 9(c) we plot the normalized
e∗T values for the three different Pnma and Bbmm crystallographic directions. Interestingly, we can observe that
the effective charge increases along all crystal axes upon compression for both the Pnma- and Bbmm-SnSe phases,
implying a pressure-induced effective charge transfer from the Sn2+ cations towards the Se2−. Considering all the
factors entering the calculation of e∗T (eq. 13), it appears that the most prominent contribution stems from ε∞ which
increases also upon compression [Fig. 9(b)].
Remarkably, such pressure-induced e∗T enhancement is highly unusual for materials, as it is contrasting the generic
trend of several binary semiconductors showing negative or (almost) zero e∗T pressure dependencies [84–86]. The only
other known example of a compound exhibiting pressure-induced e∗T increase is 3C-SiC [83]. A recent work associated
the pressure dependence of e∗T in these binary systems with the ambient-pressure interatomic bond ionicity fi [85], the
latter being a physical parameter developed by Philips and Van Vechten reflecting the interatomic electronegativity
difference [87]. Without going into many details here, the SnSe bond ionicity at ambient pressure was found to
be fi ' 0.7 [88, 89], a value which should ’cause’ a negative pressure dependence of SnSe-e∗T according to Reparaz




































































FIG. 9: Pressure-induced evolution of the direction-dependent (a) LO-TO splitting, (b) ε∞, and (c) the Born effective
charge e∗T , as determined from the calculated FIR reflectance spectra for the Pnma- and the high-pressure Bbmm-SnSe
phases. The ε∞ values are plotted in a logarithmic scale to facilitate comparison. The vertical dashed line represents the
onset of the Pnma→ Bbmm structural transition.
link to the interatomic bond ionicity/polarity/ electronegativity difference should be revisited.
IV. CONCLUSIONS
We have investigated the optical and vibrational properties of the binary semiconductor SnSe as a function of
temperature and pressure by means of experimental and ab initio methods. Our high-T reflectance investigations
have successfully reproduced the progressive enhancement of free carrier concentration upon approaching the high-
temperature Bbmm phase [7]; at the same time, a relevant contribution of free electrons to the thermal conductivity
could be discarded due to the very high scattering rate deduced from the far-infrared reflectance spectra. Furthermore,
the Raman fingerprint of the pressure-induced Pnma → Bbmm transition has been identified for bulk SnSe close to
10 GPa at ambient temperature, in excellent agreement with our high-pressure XRD experiments and first-principles
calculations. The reported semiconductor→semi-metal transition accompanying the Pnma → Bbmm structural
transformation in SnSe [7, 9, 10, 19, 22–24, 26, 27, 59, 73, 79–82] has been successfully reproduced from our first-
principles band structure calculations.
Combination of our high-temperature (at ambient pressure) and high-pressure (at ambient temperature) Raman
measurements allowed for the determination of the respective isobaric and isothermal mode-specific Grüneisen pa-
rameters for the first time in bulk SnSe, key parameters for modelling the thermoelectric properties of this system
(especially) at high temperatures where the optical modes can become relevant for thermal conductivity [7, 19, 68, 79].
In addition, modelling of the temperature dependence of the detected Raman-active mode frequencies using the well-
established thermal expansion and anharmonic contributions has revealed that three-phonon anharmonic processes
dominate the T -induced Raman mode frequency evolution, similar to a very recent study [29].
Finally, we calculated the evolution of the SnSe FIR reflectance as a function of pressure across the Pnma →
Bbmm structural transition. Out of these investigations, we acquired the pressure dependencies of relevant optical,
vibrational, and electronic parameters such as the LO-TO mode splittings, the high-frequency dielectric constants
ε∞, and the Born effective charges e
∗




both the Pnma- and Bbmm-SnSe modifications, a rather unique feature among binary materials [84–86] with the
notable exception of 3C-SiC [83]. Interestingly, the recently proposed link between the pressure dependence of e∗T and
the interatomic bond ionicity [85] is not applicable for SnSe. Consequently, the origin behind the positive e∗T pressure
dependence of both SnSe and 3C-SiC [83], two seemingly unrelated materials, remains an interesting open question.
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Appendix A: Effects of n- and p-type doping on the structural, vibrational, and optical properties of SnSe
Adding to our aforementioned studies, we have investigated the effect of n- and p-type doping on the structural,
vibrational, and optical properties of pristine/non-doped SnSe at ambient conditions. The relevant synthesis details
of the probed single-crystalline Br-doped SnSe (n-type SnSe0.97Br0.03) and Na-doped SnSe (p-type Sn0.985Na0.015Se)
are reported elsewhere [30, 31]. In Fig. 10 we present first the collected XRD patterns and the corresponding Raman
spectra for the various SnSe samples. From these measurements, it is evident that this amount of either Na- or
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FIG. 10: (Left) Rietveld refined XRD patterns for the non-doped, the Na/p-doped, and the Br/n-doped SnSe samples
measured at ambient conditions (λ = 0.29 Å). The black circles and the red solid lines correspond to the measured and the
fitted patterns, whereas their difference is depicted as blue lines. Vertical ticks mark Bragg peak positions. (Right) Raman
spectra for the non-doped, the Na/p-doped, and the Br/n-doped SnSe samples at ambient conditions (λ = 633 nm).
On the other hand, our optical investigations show pronounced differences between the various samples. In Fig. 11
we display the experimental FIR reflectance spectra at RT collected along the b- and c-axis for the various samples
(left column), alongside the derived real and imaginary parts of optical conductivity σ(ω) = σ1(ω)+ iσ2(ω). For the
non-doped SnSe sample, both the TO phonons with Lorentzian lineshapes in the σ1(ω) spectra, and the corresponding
dispersive features in σ2(ω) are apparent. For the Br/n-doped sample, the lineshapes become more asymmetric in the
σ1(ω) spectra (Fano effect), whereas the TO phonons are screened by the introduction of additional free carriers due
to the doping process (electron-phonon interaction). In the Na/p-doped SnSe sample on the other hand, the electron
screening of the TO phonons in the respective σ1(ω) spectra is much stronger, owing to a much higher carrier density
turning leading to a metallic behavior; a standard Drude component could not clearly detected in this case, however.
All in all, our optical investigations are in line with the corresponding electrical conductivity/resistivity measurements
on these samples [30, 31, 58].
Finally we mention that this amount of n- or p-type doping does not influence either the Pnma→ Bbmm transition
temperature at ambient pressure [30, 31], or the transition pressure at ambient temperature (the latter derived from
our high-pressure Raman measurements not shown here).
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FIG. 11: Experimental reflectance spectra at ambient conditions for the b- and c-axes (left column), alongside the derived
optical conductivities σ = σ1 + iσ2 for the undoped and doped SnSe samples.
